Purpose of review This review describes recent progress in tolerance-inducing strategies across xenogeneic immunological barriers as well as the potential benefit of a tolerance strategy for islets and kidney xenotransplantation.
], more than 6 months in islets in induced diabetes in nonhuman primates [5] [6] [7] [8] [9] and more than 2 years in a heterotopic nonlife-supporting cardiac xenograft model [10 && ]. Xenotransplantation is thus becoming a more realistic strategy for solving the organ shortage crisis. However, in order to prevent rejection, continuous administration of high-dose anti-CD40 or anti-CD154 mAb-based immunosuppression, combined with multiple immunosuppressive drugs, has been required. The recipients eventually died from infection associated with chronic immunosuppression or from graft rejection [3 ]. These data are consistent with previous reports [13, 14] , indicating that the humanantiporcine T-cell response is similar or stronger than that across allogeneic barriers. Because of the strength of both innate and adaptive immunity in xenotransplantation, the level of continuous immunosuppression needed to control these immune responses and prolong xenograft survival has been associated with prohibitive morbidity and mortality [3 && ,4 && , 6, 7] . These results provide compelling rationale to pursue a clinically applicable strategy for the induction of tolerance. In this review, we summarize attempts to date towards successful tolerance induction in xenotransplantation (Fig. 1) .
TOLERANCE-INDUCING STRATEGIES ACROSS XENOGENEIC IMMUNOLOGICAL BARRIERS
Three successful tolerance induction approaches have been explored in large animal models: the use of mixed haematopoietic chimerism [15] [16] [17] , T regulatory cells [18] and thymic transplantation [19] [20] [21] [22] . It has been demonstrated that tolerance is possible in humans by successful clinical application of the mixed chimerism approach to renal transplantation [22, 23] and by the T regulatory cell approach to liver allografts [24 & ]. Despite the greater immunologic differences between species than within species, both mixed chimerism and thymic transplantation approaches have been shown to be capable of tolerizing human T cells to porcine xenografts in humanized mouse models [20, 25, 26] , suggesting the feasibility of pig-to-primate xenograft tolerance.
Induction of tolerance in xenogeneic T cells: thymic transplantation
Prior to overcoming hyper acute rejection, there was early speculation that xenogeneic T-cell responses would be less severe than allogeneic responses [27] . Early in-vitro studies of mouse antiprimate responses revealed that primary xenogeneic helper responses were absent, whereas primary allogeneic responses were brisk, and secondary xenogeneic helper responses were dependent on CD4 þ T cells and responder antigen-presenting cells (APCs) [27] .
However, studies done in the early 1990s at the authors' [13] and other [14] laboratories demonstrated that the direct pathway of activation exists in the pig-to-human model. Our laboratory has demonstrated that human T-cells respond to xeno-major histocompatibility complex (MHC) antigens as they do to allo-MHC antigens in mixed lymphocyte reaction (MLR) assays. In addition, human-antipig T-cell responses appear to share similar APC requirements for stimulators (direct pathway) or responders (indirect pathway). The majority of the primary human-antipig xeno-responses are directed towards porcine MHC class II antigens. These involve interactions with human Activation of CD4þ T provides accessory molecules [13] . Activation of CD4 T cells provides help to B cells and natural killer (NK) cells as well as CD8 cytotoxic T cell progenitors [28] . These data are consistent with reports by Karlsson-Parra et al., which indicated that even a small number of T cells is sufficient to initiate rejection of porcine islets by macrophages in T-cell deficient rodents [29] . More recently, Shin et al. [12 && ] reported that pig islets, engrafted more than 500 days in nonhuman primates, were fully rejected by activated immune cells, particularly CD4 þ and CD8 þ T cells, when immunosuppressive maintenance drugs were discontinued. Therefore, strategies
KEY POINTS
Although continuous administration of high-dose anti-CD40 or anti-CD154 mAb-based immunosuppression combined with multiple immunosuppressive drugs seems to be controlling T cell responses in a nonspecific manner, attempts to taper immunosuppression without tolerance strategies have been unsuccessful.
Both mixed chimerism and thymic transplantation have achieved xenogeneic tolerance in pig-to-mouse/ humanized mice models.
More recently, there has been demonstration of persistence of macrochimerism or prolonged pig skin graft acceptance following pig bone marrow transplantation, as well as donor-specific unresponsiveness in vitro and recent T cell emigrants in vivo following vascularized thymic transplantation in pig to baboon models.
Recent results are encouraging and inducing tolerance across pig-to-primates may be attainable. directed at inhibition of the direct and indirect pathways must be included for successful xenotransplantation between pigs and primates. Thus far, thymic transplantation has proven to be a powerful strategy to induce T cell tolerance across both allogeneic and xenogeneic barriers in pig-to-pig, pig-to-mouse, pig-to-humanized mouse and pig-to-baboon models [19, 21, 22, 30 && , [31] [32] [33] . Tcell education occurs in the thymus and the thymus is known to play an integral role in self-tolerance. Thymic transplantation is thought to lead to transplantation tolerance via central mechanisms.
Early studies in Dr Sykes's laboratory demonstrated that transplantation of foetal or neonatal pig thymic tissue to thymectomized mice produced tolerance to pig skin grafts [19, 34] . Further studies showed that polyclonal, functional human T cells can develop in swine thymic tissue in humanized mice, and these cells exhibit donor-specific unresponsiveness and accept donor skin grafts [20, 25, 26] , providing important proofs of principle in the pig-human combination. However, they also found that the homeostasis and function of peripheral human T cells derived from a pig thymus was suboptimal compared with those derived from a human thymus in the humanized mouse model [25] . Moreover, in the pig to mouse model, 60% of grafted nude mice and 10% of grafted thymectomized B6 mice developed an illness resembling chronic graft-versus-host disease [35] . This was shown to be due to the inability of pig thymus derived Tregs to inhibit autoimmunity and to an increased propensity of pig thymus derived effector cells to react to the mouse tissues. We hypothesized that both defects likely reflected a lack of host mouse tissue-specific antigens in the thymus, due to the absence of murine thymic epithelial cells (TECs), and hence a failure to positively select Tregs and negatively select effector T cells specific for murine tissue-specific antigens, whose thymic expression is limited to TECs. Indeed, both defects were corrected by the addition of murine thymic stromal cells, including TECs, to the porcine thymic graft [33, 36] . In order to prevent development of autoimmunity and improve the peripheral function of human T cells developing in a porcine thymus graft, a similar strategy, involving incorporation of human TECs in the grafted pig thymus, is being tested in the humanized mouse model as well as pig to a nonhuman primate model in the authors' laboratories.
However, initial attempts to implant minced swine thymic tissue into primates in a similar manner failed, with evidence of graft rejection by days 15-30 [37] . It was reasoned that as complete T cell depletion at similar levels to mouse models is not practical in nonhuman primates or clinically, the ischemic period of revascularization required for thymic tissue to become vascularized might lead to rejection of transplanted allogeneic or xenogeneic thymic tissue in large animals. Moreover, evidence that regulatory T cells developing in pig thymus grafts played a role in suppressing xenoreactivity of preexisting T cells that were not depleted by conditioning [38] suggested that earlier engraftment and function of a porcine thymus graft would be beneficial. In order to eliminate the damage that occurs during revascularization and achieve more rapid function of the grafted thymus, we have developed two methods for vascularized thymic transplantation [39, 40] ; First is preparation of a composite 'thymokidney' in which autologous thymic tissue is allowed to engraft for 1-2 months under the donor's own kidney capsule before allogeneic or xenogeneic transplantation [39] . The other is the 'VTL procedure', which is the transplantation of an isolated vascularized thymic lobe (VTL) [40] . Using these two techniques, we have demonstrated that vascularized thymic tissue can successfully induce tolerance and support thymopoiesis across full allogeneic barriers in MGH miniature swine [21, 22, 32] . On the basis of these encouraging results, this vascularized thymic transplant strategy has been extended to pig-to-baboon models of renal xenotransplantation (Fig.1a) . In initial studies, recipients of GalT-KO kidneys and vascularized thymic grafts from the same donors maintained normal creatinine levels up to 83 days, while GalT-KO kidneys without thymic grafts were rejected by 34 days, even with potent immunosuppression [31, 41] . Recently, further modification of the induction regimen facilitated survival of life-supporting thymokidneys for over 6 months [30 && ]. Notably, multiple recipients bearing functional thymokidneys for over 3 months developed T cells with the phenotype of new thymic emigrants (CD4þ/CD31þ/CD45þ) as well as donor-specific unresponsiveness at the T and B cell levels. Because recipients were completely thymectomized prior to transplantation, these thymic emigrants most likely developed in the vascularized thymic grafts of the composite thymokidneys [30 && ].
Mixed chimerism
Mixed chimerism approaches with transient chimerism by infusion of donor bone marrow (BM) have been successful for induction of tolerance in clinical renal transplantation [42, 43] . However, because of the activation of T cells, which in turn activate B cells and NK cells sequentially [44] [45] [46] , durable chimerism is likely required to induce stable T/B/ NK cell tolerance across xenogeneic barriers. Using mouse models, we found that mouse antirat natural antibodies, which had undefined specificities, disappeared when nonmyeloablative mixed chimerism was induced [47] . We later used GalTKO mice as recipients and were able to show that successful engraftment of GalTþ/þ mouse or rat bone marrow leads not only to disappearance of anti-Gal antibodies but also to clear-cut tolerization of the B cells producing these antibodies [48] through mechanisms that involved early anergy and later deletion [49, 50] and appeared to depend on stromal CR1/ Cr2-expressing cells [51] . These animals successfully accepted donor-matched heart grafts for more than 100 days, indicating the presence of T cell and B cell tolerance to GAL-expressing heart xenografts [52] . Because humans may carry a titre of antipig antibodies much higher than that of the mouse model, a second set of experiments using mice sensitized with Gal antigens was performed [53] . Although the standard model of nonmyeloablative conditioning and bone marrow transplantation did not lead to engraftment, we found that larger doses of bone marrow did result in engraftment and lasting B cell tolerance. These mice subsequently accepted cardiac xenografts without signs of rejection [54] . The data from these rodent models suggest that a nonmyeloablative induction regimen with bone marrow transplantation may be capable of tolerizing porcine antigen-reactive B/plasma cells. More recently, we have performed similar studies in humanized mice and preliminary results suggest that human B cells may likewise be tolerized to porcine xenoantigens by the induction of mixed xenogeneic chimerism (H.W. Li and M. Sykes, unpublished data).
Mixed chimerism also has the capacity to tolerize NK cells [55 && ]. In the case of allogeneic chimerism, the tolerance is specific for the donor, with otherwise preserved NK cell function. However, in the rat-to-mouse xenogeneic chimerism model, mouse NK cells were rendered globally unresponsive by the presence of even low levels of rat chimerism [56] . In the pig-human mixed chimerism model in humanized mice, we recently showed that human NK cells are rendered tolerant by porcine mixed chimerism, as reflected in some cases by specific unresponsiveness with otherwise preserved NK cell function and, in others, global hyporesponsiveness [55 && ]. Collectively, our data argue for a mechanism of NK cell tolerance involving anergy induced by repeated, unopposed activating signals, as opposed to a requirement for licensing by the presence of inhibitory ligands, as we have discussed previously [57] . On the basis of our findings in humanized mice, we believe that expression by porcine haematopoietic cells of a human NK cell inhibitory ligand is likely to be the best way to avoid NK cell mediated rejection while preserving NK cell function overall.
Despite promising results in rodent models, macrochimerism in nonhuman primates has not been achieved [58, 59] . Most porcine cells were cleared within 24-48 h postbone marrow infusion, although specific humoral unresponsiveness was induced in some recipients [58] , indicating that additional strategies are required to achieve persistence of donor chimerism.
Recent work to circumvent rapid clearance of BM cells has focused on innate immunity and macrophage-associated mechanisms. Specifically, attention is on signal regulatory protein (SIRP)-alpha, a transmembrane protein with intracellular tyrosine kinase activity that is present on macrophages, dendritic cells and neutrophils. The ligand of this receptor is CD47, and recognition of CD47 by SIRP-alpha downregulates phagocytosis by macrophages [54, 60] . In a small animal study in which human haematopoietic stem cells were transplanted into severely immunocompromised mice to allow for human haematopoiesis, the authors found significant improvement in haematopoiesis and engraftment in mice transgenic for human SIRP-alpha [61] .
In order to test the ability of human CD47 (hCD47) to similarly improve engraftment of porcine cells in baboons, transgenic swine were produced on the GalT-KO inbred miniature swine background [62] . Two swine expressing markedly different levels of the hCD47 transgene on peripheral blood mononuclear cells were produced, one expressing high levels (18286) and one expressing very low levels (18289). Mobilized peripheral blood stem cells (PBSCs) from each of these animals were transplanted into conditioned baboons. Both baboons receiving PBSC from the 18286 demonstrated macro-chimerism in peripheral blood for several days following cell infusions, while chimerism was rapidly lost in baboons receiving PBSC from 18289. These results thus demonstrated a profound protective effect of hCD47 expression on the survival of porcine haematopoietic cells following transplantation into primates.
There was no evidence for sensitization of the recipient baboons at either the antibody or T-cell levels [62] . To test for effects of the HSC transplants on recipient responses, split-thickness skin grafts (STSGs) from the transgenic PBSC donors were placed onto full-thickness graft beds at 14 weeks after the cell transplants, by which time all exogenous immunosuppression had been discontinued for over 4 weeks. A control baboon (B360) received identical conditioning and immunosuppression Tolerance in xenotransplantation Yamada et al.
regimens, but no cell transplants. Skin grafts on both baboons that received HSC from 18286 showed markedly prolonged survivals (70 and >23 days, respectively), while skin grafts on both baboons that received HSC from 18289 showed no difference in survival from the control baboon (14 days). These results therefore indicate a strong correlation between hCD47 expression, prolonged peripheral porcine chimerism and marked prolongation of porcine skin grafts in the absence of concurrent immunosuppression [62] .
Another strategy for improving pig-to-baboon chimerism is intrabone bone marrow transplantation (IBBMTx). Previous studies using porcine BM cells infused intravenously following ex-vivo immune-adsorption of nAb have only demonstrated transient macro-chimerism, with most infused cells undetectable within 24 h [58, 59] . Recent data in allogeneic models demonstrated that direct injection of donor BM cells into recipient BM spaces (IBBM-Tx) produced rapid reconstitution and higher survival rates than IV injection [63] . Therefore, a modified IBBM-Tx procedure was developed for a preclinical pig-to-baboon model [64] to assess whether this would achieve improved persistent macro-chimerism and engraftment of BM across a xenogeneic barrier (Fig. 1b) . A modified IBBM-Tx procedure using a 3D collagen gel matrix in a preclinical pig-to-baboon model has led to markedly higher percentages of chimerism (average of 8.6%, max 29% at day 2) and prolonged detectable peripheral macro-chimerism over 3 weeks, along with a higher incidence (four of six recipients) of BM engraftment both at injection site (local engraftment) and systemically [64] . Projects that combine the strategy of IBBM-Tx with vascularized thymic grafts (see below) using hCD47 Tg MHC-inbred donors are in progress.
THE POTENTIAL BENEFIT OF A TOLERANCE STRATEGY FOR ISLETS AND KIDNEY XENOTRANSPLANTATION
Thus far, the longest survival using xenogeneic transplants in life-supporting models has been shown with islets and kidneys. However, the outstanding outcomes seen with the use of allogeneic kidney transplants as well as insulin treatment regimens may argue against the adoption of xenotransplantation as an alternative. Therefore, stronger justification besides organ shortage is needed for implementation of xenogenic transplantation.
As porcine insulin is very similar to human insulin, it is very likely that the pig pancreas (or islets) will support the insulin needs of diabetic patients. Several groups have achieved more than 6 months insulin-free period after pig islet transplantation in nonhuman primates [5] [6] [7] 9] . With the advent of transgenic pigs and extended survival, it may be assumed that this will be the next attempt in clinical xenograft. However, one problem is the requirement of indefinite daily administration of immunosuppressive drugs. Even if patients become insulin independent, they must take life-long immunosuppressive drugs. The New Zealand group recently reported eight clinical cases of islet xenotransplantation using encapsulated neonatal porcine islets without immunosuppressive drugs that resulted in clinical benefit for unstable type 1 diabetic patients [65 & ]. This result is encouraging; however, although there was an improvement of HbA1c, no patients became insulin-free. One major issue was insufficient vascularization for oxygen supply and yield of islets in the encaspulized strategy. Therefore, strategies aimed at induction of tolerance to islet grafts might be of great advantage.
Also supporting the kidney for clinical xenotransplantation is the fact that failure of the transplant would not be fatal, as the patient could be put back on dialysis. On the other hand, the availability of living donor transplants and the markedly improved patient survival of allogeneic kidney transplants at 3 years have decreased the need for xenografts relative to other organs [66 & ,67] . Thus, stronger justification besides organ shortage may be needed for implementation of xenogenic transplantation. There are several justifications for the use of xenotransplantation. First is that using pig donors may provide kidneys to patients who have a small chance to receive organs from human donors. Numerous patients on waiting lists for kidneys are highly sensitized to potential human donors (i.e. high panel reactive antibodies) [68] . We have previously demonstrated that allo-sensitization does not increase the risk of xeno-reactivity to GalT-KO miniature swine in patients on transplantation waiting lists [69] , suggesting that highly allo-sensitized patients may be at no increased risk of xeno-sensitization over their nonsensitized cohorts. Although a recent study demonstrated that some, not all of, HLA antibodies in sensitized patients cross-react with class I SLA, SLA class I is a target for genome editing in pig donors that may resolve the issue [70 & ]. Second is tolerance induction. Although clinical applicability of vascularized thymic transplantation in clinical allotransplantation is limited due to involution of thymus [71] , this limitation does not apply for xenotransplantation using MHCinbred transgenic GalT-KO pigs. MHC-inbred Tg GalTKO allows recipients to receive size matched kidney from a pig donor and thymus from a juvenile donor that is MHC matched to the kidney donors.
CONCLUSION
For xenografts, the level of immunosuppressive agents needed to fully suppress immune responses is greater than for allografts and would likely lead to greater complications. For this reason, adoption of tolerance strategies is imperative. In addition, antibody-mediated responses appear to be more prevalent and robust in xenograft rejection than in allograft rejection, even when major responses to Gal have been eliminated by use of Tg/GalT-KO donors. Even though current immunosuppression seems to be controlling T cell responses in long-term acceptors [3 && ,4 && ,9,10 && ], it appears likely that low levels of T cell dependent antibodies [44, 59] and activation of innate responses [72] still develop, potentially leading to xenograft loss. Tolerance induction has the potential to avoid such persistent immune reactivity and therefore overcome the antibody-mediated response as well.
